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The realization that the electroweak anomalous baryon violation is probably rapid 
enough to be cosmologically relevant at high temperatures |I|-^ has led to several new pro- 
posals for weak scale baryogenesis 0,H-0 which may be testable at the SSC. In general, 
baryogenesis requires out of equilibrium CP violation as well as baryon number violation 
||12|| . Departure from thermal equilibrium can result from a first order weak phase tran- 
sition, occurring either in the standard model or in one of its extensions, which proceeds 
via nucleation and growth of bubbles of the Higgs phase. Many extensions of the standard 
model can contain sufficient CP violation to plausibly produce a baryon density to photon 
entropy ratio as large as the observed ps/s ~ 10"^*^ [§1"0- The mechanism through which 
weak scale baryogenesis can proceed depends on the thickness of the bubble walls produced 
during the phase transition, compared to relevant n,ean free paths B. A generic mechanism 
for thick walls is spontaneous baryogenesis, first introduced to explain baryogenesis during 
a second order phase transition [^ . Spontaneous baryogenesis involves coherent effects of 
a time and space dependent scalar field acting as a charge potential. The baryon number is 
produced inside the bubble walls where scalar field expectation values (like the Higgs field 
vev) are changing, causing the free energy density inside the bubble walls to be minimized 
for nonzero baryon number |0-0. However the anomalous baryon number violating pro- 
cesses have a rate per unit volume which, even at high temperatures, is rather slow, and 
Pb/ s produced inside the walls turns out to be at most of order [a'^j^/ g^)5cp ~ 10~^5cp- 
Here 5cp is a reparametrization invariant CP violating phase and g^ = O(IOO) is the 
effective number of particle degrees of freedom at the electroweak transition []^^,|T^,^ . 

We have proposed in refs. 0,|l^ a more efficient "charge transport mechanism" for 
producing baryon number during the electroweak phase transition in models with thin 
bubble walls. In a CP violating theory, the refiection probabilities from the phase boundary 
for left handed weak doublets and their CP conjugates are different, and so the bubble wall 
reffects a CP asymmetric distribution of particles into the unbroken phase. Anomalous 
baryon violating electroweak processes throughout a large region of the unbroken phase will 
be biased toward producing baryons wherever there is net lefthanded fermion number (i.e. 
where there are more righthanded antiquarks and antileptons than lefthanded quarks and 



Recent work on the standard model [13| and mininial supersymmetric standard model [14,15| 
suggests that the bubble walls there are thick, (~ (25 — 40)/T). Baryogenesis arising from the 
singlet majoron model [^ can involve thin bubble walls (~ l/T) [|lq| , as can generic models with 
several scalars. 



leptons). This mechanism dominates over mechanisms which produce baryons only inside 
the bubble walls unless the walls are thicker than the relevant particle mean free paths 
(which are about (1 — 10)/T), because the anomalous baryon number violating processes are 



biased over a larger region. In ref. |jTy] we simulated the fermion reflection and scattering 
processes and found that a significant asymmetry in fermion quantum numbers extends in 
front of the wall over a volume considerably larger than the volume of the walls. We then 
showed that baryon to entropy ratios as large as ~ 10~^dcp are possible in a two Higgs 
model if the thickness of the walls is of order the inverse top mass, and the walls are moving 
with velocities of order 0.1c. However the charge density in the unbroken phase that we 
computed included a net hypercharge, and so one should consider the effects of Debye 



screening on the particle number distributions, and on baryogenesis [ pO| , pl| . In a recent 
quantitative analysis Khlebnikov has shown that it is not possible for a net gauge charge 
to penetrate into the unbroken phase further than the Debye screening length, unless the 
bubbles are expanding ultra-relativistically [^1[. In this letter we examine the effects of 



hypercharge screening on baryogenesis and show that this screening has no effect on the 
baryon number produced during the transition, even in the limit of zero Debye length. 



We wish to reconsider the mechanism of ref. [jT^ for baryogenesis in a first order weak 
phase transition. We showed that when bubbles of the broken phase nucleate and expand 
into the unbroken phase plasma, CP violation leads to different reflection probabilities 
for lefthanded fermions and their CP conjugates from the bubble wall. This CP violat- 
ing effect can be large for top quarks in the two Higgs doublet model, or for higgsinos 
in supersymmetric models [lT0| , p!5[] . Thus the bubble walls reflect nonzero values for some 
quantum numbers into the unbroken phase. Furthermore, as we showed, the quantum 
numbers are typically carried by particles with large momenta, and numerical simulations 
flnd that the high momenta reflected particles penetrate a long distance, O{10 — 1000)/T, 
into the unbroken phase before being rethermalized by particle scattering. Thus a CP 
violating asymmetry in particle quantum numbers extends over a large region in front of 
the advancing bubble wall, unless the walls are ultra-relativistic. The particle distribu- 
tion functions in front of the wall will approach local thermal and chemical equilibrium, 
characterized by a temperature and by chemical potentials for the various conserved or 
approximately conserved charges. Because left and right handed particles carry different 
values of weak hypercharge, which is a conserved quantum number in the unbroken phase, 
we denoted the quantum number being reflected off the bubble wall as hypercharge, and 
noted that in the presence of nonzero hypercharge the free energy of the unbroken phase is 



minimized for nonzero baryon number. Therefore anomalous electroweak baryon violating 
processes in the unbroken phase will lower the free energy by producing the baryons we 
see today, which eventually enter the bubbles of broken phase (where electroweak baryon 
number violation is extremely suppressed). 

A potential problem for this baryogenesis mechanism is that weak hypercharge is 
gauged, and any long range gauge fields will be screened by the plasma. Khlebnikov [pT 



has solved the Vlasov equations for the particle distribution functions in the unbroken 
phase and finds that hypercharge can only extend over a distance of about 2/T in front 
of the bubble wall, whereas our simulation of the two Higgs doublet model (which only 
included quark scattering by gluon exchange, and neglected the tiny hypercharge field 
strength) found an asymmetry in the distribution functions between left handed top quarks 
and right handed top antiquarks over much larger distances. Top quark scattering with 
Higgs scalars does not conserve chirality, and hence will change the asymmetry in axial 
top quarks. However since all the scattering processes conserve several gauge and global 
charges, in general an asymmetry in left handed particle number persists when all scattering 
processes are in equilibrium. Screening of gauge charges is also important; the particle 
distribution functions will adjust themselves to cancel the net hypercharge carried by the 
top quarks outside the Debye length. Therefore one should worry that the calculation of 
the baryon number in ref. fl^, which found a baryon production rate proportional to the 



net hypercharge in the plasma, is incorrect. Here we will show that while gauge screening 
does affect the fermion distribution functions, it has no effect on the total lefthanded 
fermion asymmetry, and hence no effect on baryogenesis. 

Calculation of the baryon production rate becomes simple if the system is near thermal 
and chemical equilibrium. To compute the baryon production all one needs is F, the total 
rate for anomalous S-violating events per unit volume — parametrized as F = Kct^j^T'^ — 
and A/, the change in the free energy per anomalous event. The parameter k has been 
estimated to be of order 0.1 — 1.0 P^, while A/ is 



Af = J2^Qat-ta. (1) 

a 

Here a runs over all conserved or approximately conserved charges, Ag^ is the change in 
the a^^ charge per anomalous event, and fXa is the chemical potential for the charge a. Note 
that many other quantum numbers besides hypercharge are conserved or approximately 
conserved in the unbroken phase, such as baryon and lepton number. "Approximately 



conserved" means that the time scale for processes which violate these quantum numbers 
is long when compared with the typical transport time tt that a reflected particle spends 
in the unbroken phase before the bubble wall catches up with it. This time was found to 



be between 10/T and 10 /T in ref. |]T^. Since anomalous events are slow (F <C T /tt 



and the Yukawa couplings of light particles are small, all quantum numbers which are 
conserved by perturbative gauge interactions, scalar self couplings, and the top quark 
Yukawa interactions may be taken to be approximately conserved. To compute the rate 
of change of the baryon density, note that 

A/ = J]Ag„//„ = i J^^i = i J^^ni = ^nL . (2) 

a i i 

Here i runs over all fermions which are in weak doublets, /x^ is the chemical potential for 
the i^^ particle, rii is the number density of the i^^ particle, and rii is the net density of 
left handed weak doublet fermions. The factor of ^ is present because a given event only 
involves one member of each weak doublet. The total rate of baryon creation per unit 
volume pb in the unbroken phase is then just 

A/. 



PB 



-—^3T=-3Kai^T^^AqaPa, (3) 



where the factor of 3 accounts for the fact that the baryon number changes by 3 units 
per event. Our ignorance of the details of these anomalous baryon violating processes is 
subsumed into the parameter k; given this parameter, calculation of the baryon production 
rate reduces to a calculation of the chemical potentials //„ for the various global and gauge 
charges. 

The chemical potentials are calculated in a standard way by solving the linear equa- 
tions 

Pb = Yl ^J^J = Yl ^i "^^J?>« ' (4) 

where pf, is the (fixed) charge density of the 6*^ conserved charge, the sum on j runs over 
all particle species, q^ is the value of the charge a carried by the j^^ particle, and kj 
is a statistical factor with kj = 1 for every Weyl fermion and kj = 2 for every charged 
boson which is much lighter than the temperature. For simplicity we choose a basis for 
the conserved charges such that 

J2 kjq'^q] oc 5ah , (5) 



(which we refer to as an orthogonal basis). With this basis, the number densities of the 
various charges wiU simply be proportional to their chemical potentials, which would not 
be true in a non-orthogonal basis. 

In this basis, only the chemical potentials associated with gauge charges are affected 
by Debye screening. Since gauge charges are never anomalous, Ag^ =0 whenever a is a 
gauge charge, which guarantees that ps in eq. (0) is unaffected by the value of py- This 
is the essence of our argument that gauge charge screening does not affect baryogenesis. 

This result may seem paradoxical in light of ref. |T^ where it was shown that in several 
models where net hypercharge is reflected into the unbroken phase the baryon production 
rate is proportional to the hypercharge density. The resolution of the paradox is simple: 
ref. [1^] did not use an orthogonal basis for the various approximately conserved charges. 
In an orthogonal basis, several conserved global quantum numbers which are orthogonal 
to hypercharge are reflected into the unbroken phase along with the net hypercharge. For 
instance, although no net baryon number is reflected (to lowest order in gauge coupling 
constants) there is a nonzero reflection of the quantum number B' = B — xY , where x 
is a constant chosen such that B' is orthogonal to Y . For example, in the three family 
standard model with n scalar weak doublets, 

T.,kMJy 10 + ^' 

Furthermore B' is changed by anomalous electroweak processes, and in the presence of 
nonzero B' there will be a bias toward producing net baryon number. The buildup of net 
hypercharge would produce a long range field, causing particles to move around in order 
to screen it; but the screening does not affect B' since B' is orthogonal to gauge charges. 
In summary, the computation of the baryon production rate in the unbroken phase 
can be done as follows: 

1) Find a basis where all approximately conserved global charges are mutually orthogo- 
nal, and orthogonal to all gauge charges. In this basis the Debye screening of gauge 
charges does not affect the chemical potentials for the global charges. 

2) In the unbroken phase in front of the expanding bubble walls there will be net densities 
Pa for various global charges with weak anomalies resulting from charge transport of 
particles refiected from the bubbles. Compute these densities pa] it is convenient, 
although not necessary, to choose a basis where only one of these anomalous global 
charges is nonzero. 

6 



3) Compute the chemical potentials Ha for the anomalous global charges from eq. (^). 
In an orthogonal basis the result is 

where j is summed over all particle species. 

4) Compute the baryon production rate from eq. @. 

We can now redo the baryogenesis calculation of ref. [0, working in a basis where all 



global charges are orthogonal to hypercharge, and taking into account hypercharge screen- 
ing through the chemical potential fiy- In this basis several global charges which are 
orthogonal to hypercharge are nonzero in the unbroken phase. Since the result for the 
baryon number production is independent of the chemical potential //y , and also of course 
basis independent, we get exactly the same result for ps, as confirmed by explicit computa- 
tions. We conclude that the charge transport mechanism is unaffected by Debye screening 
and dominates other baryon production mechanisms if the phase boundary is thin, of width 
< C(l/T). 
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up to a factor of 3/2 which was an algebraic error in the computation of the baryon violation 
rate in ref. |1C]. In that paper, eq. (C.2) should read //b = 2py/((1 + 2n)T'^), and eq. (2.11) 



should be pB = -{3TB/T){dF/dB). 
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